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ABSTRACT 


An experimental evaluation of the axial compressor test 
rig with one stage of symmetric blading was conducted to de- 
termine its suitability for studies of tip clearance effects. 
Measurements were made of performance parameters and internal 
flow fields. The configuration tested was found to be un- 
Suitable due to pcor flow from the inlet guide vanes, par- 
ticularly near the tip region. Secondary flows and flaws in 
construction of the guide vanes were suggested as probable 
causes. Recommendations were made for a program to resolve 


the probiem. 





Papo or CONTENTS 


1s IDR S(O OA IC) a a a a a a 
ie APPARATUS 

me SG@MPRESSORKR TEST RIG. 

B. DATA ACOUISITION SYSTEM 

Cemetio me OmeNTATION . « « s+ « « « » 


meee) LTES5t PROGRAM AND RESULTS . 


PeeeeseMiteRyY ~~. 2. .« « « « 

Bee, ©HASE I 

Cre eneoh 2 

Bee 6 we ks 

Bo SULPLEMENTAL TESTS 
ay DIRSeUoolON 6 5 « sew ce ee 

A. FLOW FROM THE INLcT GUIDE VANES 

Peo eR nORMANCE DIFFERENCES 

Ce MEASUREMENT UNSTEADINESS 
ae CONCLUSIONS AND RECOMMENDATIONS 
TABLES : 
PeeGURES : 
APPENDIX SURVEY PROBE CALIBRATION 
APPENDIX COMPRESSOR DESIGN DATA 
APPENDIX EXPERIMENTAL DATA FROM BUILD I 
APPENDIX INTEGRATION OF EXIT RAKES 
Pee ENDIX DATA REDUCTION EQUATIONS 


iD 
i 
16g 
Ee) 
1 
24 
24 
24 
26 
29 
a0 
35 
ae 
oy 
39 
4] 
43 
gee, 
132 
ae 
143 


145 





Pee ene OAL A REDUCTION SOFTWARE . 2. 5 - ». « « « « « 150 


mer mvOtX G. SUMMARY OF TEST PROGRAM ....+.+ + « « « « =%155 
PO eee eNO ss 8 Ss lk st el le el lll ll wlCUlelClelCUdL 8B 
eer cmeororKt SUTTON GEST . . 2. «6 se wt tll lhl ehU tl mhUwmhUme™©6hUdL GOD 





ne 


el. 
2 
eS. 


14. 


> 
ioe 
ey 
eS. . 
iS 


210 


Zale, 


List OF TABLES 


Measured Quantities, Typical Set-up 

Measurement Uncertainty 

Performance Parameters (IGVs 0°) .. 
Mid-span Velocity Vectors (IGVs 0°) 


Mid-span Pressure Variations with Throttling (IGVs 
Trt ower, co tk ee ee Uw we: 


Velocity Vectors at 17 Inches Radius (IGVs 0°) 
Pressure Variations at 17 Inches Radius (IGVs 0°) 
Performance Parameters (IGVs 4°) 

Mid-span Velocity Vectors (IGVs 4°) 


Mid-span Pressure Variations with Throttling (IGVs 
4°) 


Survey Results, Velocity Vectors (IGVs 0°, S2+4) 
Performance Parameters (IGVs 3°) 
Mid-span Velocity Vectors (IGVs 3°) 


Mid-span Pressure Variations with Throttling (IGVs 
Sip) 


Survey Results, Velocity Vectors (IGVs 3°, S2+4) 
Survey Results, Velocity Vectors (IGVs 3°, S$1+4) 
EMmvey Results, Velocity Vectors (IGVs 3°, S$1+2+4) 
Performance Parameters (IGVs 2°) 

Mid-span Velocity Vectors (IGVs 2°) 


Mid-span Pressure Variations with Throttling (IGVs 
Eee) 


Survey Results, Velocity Vectors (IGVs 2°, S2+4) 


~~) 


43 


44 


45 


47 


49 


oy 


De 


=) 


54 


35 


56 


33 


a9 


60 


61 


62 


63 


64 


66 





ee 
Z> . 
24. 
Ze 
ZO. 
D/ . 
we 


ma. 


30. 


Ala. 


ED . 


A2a. 


A2b. 


A3a. 


Bo. 


Ba . 


Bz. 


oi. 


i 


Gl. 


Survey Results, Velocity Vectors (IGVs 2°, 
Performance Parameters (IGVs 0°) 

Mid-span Velocity Vectors (IGVs 0°) 

Survey Results, Velocity Vectors (IGVs 0°, 
Survey Results, Velocity Vectors (IGVs 0°, 


Survey Results, Velocity Vectors (IGVs 0°, 


Off Design Survey Velocity Vectors (IGVs 0°, 


S1+4) 


S1+4) 
S4) 
S215) 


51) 


Off Design Survey aaa Vectors (LGVs 0 , 


S$2+3+4) 


Velocity Vectors at Station One at Three Survey 


Locations 

PSoMitH” Probe Coefficients 

SoMLthH, Probe Calibration Errors 

539 Probe Coefficients 

mao Probe Calabration Errors 

Boo Prebe Coefficients 

538 Probe Calibration Errors 

Summary of Mid-span Design Flow Values 
summary OF OL Design Calculations ... 
Build 1 Velocities at Mid-Span 


Sub-Area Pressure Determination from Probe 
Pressures 


h-2=te~rmance Map, Throttle Configurations 


67 


68 


69 


70 


Ue 


74 


is 


Te 


78 


[25 


Loy 


rs 


Ee) 


140 


esl 





JO 


1, JE 


ae 


i 


ike. 


nO 


ie .. 


ro. 


PES eOr PLGURES 


Compressor Schematic . 

Measurement Planes for Installed Stage 
Locations of Survey Ports 

Performance Parameters vs Flow Rate (IGVs 0°) 


Comparison of Measured Performance with Design 
Values and Build One Measurements 


Mid-span Flow Angles vs Flow Rate (IGVs 0°) 


Flow Angles at 17 Inches Radius vs Flow Rate (IGVs 
Nes RECS sc 6 5, es eh ew ce 8 lw wl 


Inlet and Exit Pressure Distributions vs Radius at 
Three Throttle Settings (IGVs 0°) 


Performance Parameters vs Flow Rate (IGVs 4°) 
Mid-span Flow Angles vs Flow Rate (IGVs 4°) 


Inlet and Exit Pressure Distributions vs Radius at 
Three Throttle Settings (IGVs 4°) 


Measured Flow Angle Radial Distribution at Moderate 
Throttling (IGVs 4°, S2+S4; — --— Design) 


Relative Flow Angle Radial Distribution at Moderate 
Throttling (IGVs 4°, S2+S4; ——- -— Design) 


Axial Velocity Radial Distribution at Moderate 
marottling ({IGVs 4°, $2+S4) 


Intrastage Pressure Radial Distributions at 
Moderate Throttling (IGVs 4°, S$2+S4) 


Performance Parameters vs Flow Rate (IGVs 3°) 
Mid-span Flow Angles vs Flow Rate (IGVs 3°) 


Inlet and Exit Pressure Distributions vs Radius at 
Three Throttle Settings (IGVs 3°) 


19 


80 


81 


83 


84 


85 


86 


37 


88 


oh, 


gO 


oa 


OZ 


93 


94 
oS 


96 





eo. 


20. 


el. 


Ze. 


BO 


24 . 


Ze « 


ZO . 


oy. 


oo. 


Zz) . 


50. 


Bal . 


By. 


Bo. 


34. 


Bo. 


Measured Flow Angle Radial Distribution at Moderate 
imieecelang {LGVs 3°, S2+4) 


Relative Flow Angle Radial Distribution at Moderate 
Mimeoceling (1GVs 3°, S2+4) 


Axial Velocity Radial Distribution at Moderate 
Meeottlings (IGVs 3°, S2+4) <a ee 


Intrastage Pressure Radial Distributions at 
Moderate Throttling (IGVs 3°, S2+4) 


Performance Parameters vs Flow Rate (IGVs 2°) 
Mid-span Flow Angles vs Flow Rate (IGVs 2°) 


Inlet and Exit Pressure Radial Distributions at 
Three Throttle Settings (IGVs 2°) 


Measured Flow Angle Radius Distributions at 
Moderate Throttling (IGVs 2°, S2+4) 


Relative Flow Angle Radius Distributions at 
Moderate Throttling (IGVs 2°, S2+4) 


Axial Velocity Radial Distributions at Moderate 
fMiaemerincmrays 2°,)S52F4) . 2. . «ee “es ; 


Intrastage Pressure Radial Distributions at 
Moderate Throttling (IGVs 2°, S2+4) 


Measured Flow Angle Radial Distributions at 
Moderate Throttling (IGVs 2°, S1+4) 


Relative Flow Angle Radial Distributions at 
Mecerate Throttling (IGVs 2°, Si+4) .... 


Axial Velocity Radial Distribution at Moderate 
meeottling (IGVs 2°, S1+4) (ae ete vate 


Measured Flow Angle Radial Distributions with 
Closely Spaced Data Points (IGV 2°, S1+4) 


Measured Flow Angle Radial Distributions Measured 
by Yaw Probe 


Performance Parameters vs Flow Rate (IGVs 0°) 


Mid-span Flow Angles vs Flow Rate (IGVs 0°) 


0, 


98 


oo 


1Q0 


TO 


102 


VO 


104 


iO) 5 


106 


Oe, 


108 


109 


be Ege) 


sie Os: 
1i4 


115 





a. 


BO. 


Bo . 


40, 


el. 


42. 


43. 


44. 


45. 


46. 


ae. 


43. 


49. 


BO. 


ol. 


a2 . 
Bi. 


2 . 


Measured Flow Angle Radial Distribution at Moderate 
Wimte@mebing (8GVis O° pp "Sitt) 9. 3 . « « 2 0 sw 


Axial Velocity Radial Distribution at Moderate 
Macottling (LGVs 0°, S1+4) Meas cy “2 


Intrastage Pressure Radial Distribution at Moderate 
Memotriing (16Vs O°, Site) ..4 « 5 2 we « 


Off-design Measured Flow Angle Radial Distribution 
eS 80- Shs ———=— DESTEN) - «= - es « Be 6 w 6 


Off-design Relative Flow Angle Radial Distribution 
MiGVis O°) S1; ===> -—— Design) . . 2. « « + 2s © © « 4 


Off-design Axial Velocity Radial Distribution (IGVs 
O°, Sl; —---— Design) ......... 


Off-design Intrastage Pressure Radial Distribution 
lesen S00) mes is aio Oe a we ww 


Off-design Measured Flow Angle Radial Distribution 
(IGVs 0°, S2+3+4; —-- -— Design) 


Off-design Relative Flow Angle Radial Distributions 
(IGV 0°, S$2+3+4; —- - — Design) 


Off-design Axial Velocity Radial Distribution (IGVs 
0°, S2+3+4; —--— Design) . Meee eed 2 


Off-design Intrastage Pressure Radial Distributions 
mmGy 0°, S2+3+4) 


Comparison of Measured Flow Angle at Three 
Locations Relative to the Inlet Guide Vane Trailing 
Edge (IGVs 3°, S$2+4; —--— Design) 


Stator Vane Exit Circumferential Survey at Three 
Beagil . « -« 


tniet Total Pressure Radial Survev Results 


Torque and Inlet Nozzle Pressure Fluctuations with 
SR CMMEE MEPS ciate sw ll le 


schematic of Guide Vane Exit Geometry 
Total Pressure Rake Geometry 


Pressure Mass Averaging Area Divisions. 


1i 


116 


ele, 


118 


Lig 


120 


2a 


eZ 2 


23 


Nee 


29 


130 
Lo 
147 


148 





e| 


TABLE, OF “SYMBOLS 


Ambient density (Rho@) 

Ambient pressure (Pamb) 

Inlet (nozzle) total pressure (Ptnoz) 
Inlet (nozzle) static pressure (Pnoz) 
Nozzle discharge coefficient 

Nozzle area ratio 

Inlet total temperature (T) 

Gas constant 

Gravitational constant 

Mass flow rate (Mflow) 

Ratio of specific heats 


Flow coefficient based on average 
Vetoo Ley (C£low) 


Compressor test section area 
Duct area 


Total pressure coefficient (Cpt2), 
(cocs} 


Static pressure coefficient (Cpl), 
Keezic, Ces) 


Shaft horsepower (Powr) 


i2 





Se oc, 


Note: 


Rpm Rotational velocity (Rpm) 

Ie | Shaft torque (Torq) 

x Work coefficient (Cwork) 

iv Average total-to-total efficiency 
(Etaav) 

dy: do, 3 — probe flow pitch angles 

Ar Gor O Respective probe yaw angles (Alfa) 

Vis Vos V3 Absolute velocities 

Wie Ww, Velocities relative to rotor 

Bae Bo Flow angles relative to rotor (Beta) 

Vuze Vu> Circumferential velocity components 


Axial velocity components 
Mean radius wheel speed 
Mean radius 


S3, $4, §5 Throttle screen elements 


Names in parentheses are those used in the HP 9845A 
software, 


Units are defined in the text as needed and in tables 
Of results. 
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Secondary flow effects and associated losses that result 
from finite tip clearances in compressors are not fully un- 
derstood. The low speed axial flow compressor at the Turbo- 
propulsion Laboratory of the Naval Postgraduate School is 
currently being used to improve understanding of the tip 
clearance problem and to generate better prediction methods 
for the effects. To this end, the axial compressor was re- 
configured as described in Ref. 1 to facilitate new experi- 
mental studies. The redesign was intended to: 


1) provide an axisymmetric flow as uniform as possible 
ahead of the compressor; 


2) provide a means to determine accurately the mass flow 


faaie ; 
3) allow an easy adjustment of the mass flow rate; 
4) minimize the pressure losses at open throttle to pro- 


vide the maximum range of mass flow rate. 

In this configuration, Welch performed preliminary tests 
with solid body blading, as reported in Ref. 2. Symmetric 
blading was selected for the tip clearance investigation 
and new blading was designed and reported in Ref. 3. [Ini- 
tial tests with one stage of the new symmetric blading were 
made by Moyle but were terminated by an accidental failure 
which resulted ina total loss of the blading and some in- 


strumentation. Results from these tests, referred to as 





Build 1, were reported in Ref. 4. A new set of inlet guide 
vanes was cast, as detailed in Ref. 5, and the compressor 
was rebuilt with one stage. This configuration is desig- 
nated Build 2. 

The purpose of the present investigation was to evaluate 
eeweurrent Build 2 and to determine its suitability for 
studies of tip clearance effects. In the course of the work 
the performance of individual blade rows as well as the over- 
all compressor performance were examined, measurements were 
refined where problems were encountered, and the flow fields 


were examined throughout the stage. 
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Ii. APPARATUS 


fee COMPRESSOR TEST RIG 

The low speed axial flow compressor was designed to pro- 
vide a large enough scale to allow the insertion of multiple 
intrastage sensors without altering the flow fields. The 
three foot diameter compressor, shown in Fig. 1l, is capable 
of one to three stages of operation. When less than three 
stages are used, the stages may be built up ina normal 
closely spaced configuration or in an expanded configuration 
with wide separation between stages or between blade rows of 
agiven stage. There are thirty rotor blades and thirty-two 
stator vanes per stage and each stage is identical. One 
row of thirty-two inlet guide vanes and one or two rows of 
thirty-two exit guide vanes may be installed. For the pres- 
ent measurements, one stage of symmetrical blading was in- 
stalled in a closely spaced configuration with one row of 
inlet guide vanes and one row of exit guide vanes. The ac- 
cess ports in the case-wall are arranged in eight axial lo- 
Cations and allow insertion of intrastage probes at various 
peripheral locations relative to the fixed blading. The 
Survey planes are shown in Figs. 2 and 3. Provisions are 
made for mounting a traverse rig which allows for circum- 
Ferential as well as radial surveys in any of six locations. 


The traverse unit, shown in Fig. 3d, was mounted in the 


Uy 





first access location. Additional sensors may be installed 
by drilling the test section casing or duct walls. 

Flow enters the compressor from outside the laboratory 
through a twenty-one foot long duct which contains a throt- 
ming device. A choice of two inlet bellmouths, used to 
meter the flow rate, attaches to the front of the ducting 
and is surrounded by a protective screen enclosure. The 
large inlet bellmouth with a three foot throat diameter is 
used for conditions where minimum pressure drop is desired. 
The smaller 2.1 foot throat diameter bellmouth is used when 
meoreater pressure drop can be accepted. The duct has a 
section which can be removed, when the large bellmouth is 
Mea, -O reduce the boundary layer growth. Only the large 
bellmouth was used here, but the duct section was not re- 
moved. Throttling 1s accomplished, as described in Ref. 6, 
by the insertion of screens or perforated plates into the 
@ret t1Ow CauSing a drop in total pressure. Throttling 
is therefore fixed for each run and may be changed only by 
stopping the compressor. Flow exits the compressor and is 
vented into the building via a conical diffuser. 

The compressor is driven by a constant speed electric 
motor, rated at 150 horsepower, and is coupled to the com- 
pressor by ten drive belts. The drive ratio can be changed 
by changing the drive sheaves, allowing operation at nomi- 
nally 1588, 1818 and 2290 revolutions per minute. With the 


low speed drive sheave installed the compressor was operating 


ales 





eeroughiy 1616 RPM for all tests reported in the present 


work. 


B. DATA ACQUISITION SYSTEM 

Data was acquired using the Hewlett Packard HP 3052 Data 
Acquisition controlled by an HP 9845A computer. The system 
included a HP 34495A Scanner, HP 3495 Digital Volt Meter 
(DVM), HG 78K Scanivalve Controller and signal preprocessor 
Circuits. The HG 78K Scanivalve Controller (manufactured 
in-house) controlled the two solenoid driven 48 port Scani- 
valves. Each Scanivalve, referred to ambient pressure, 
provided the ability to read 48 pressures with a single 
transducer. All data were recorded by the computer via the 
scanner, the digital volt meter and interface bus. 

Data acquisition was accomplished using the "GENUSE", 
general acquisition program, described in Ref. 7. Briefly, 
the program controls the reading of data from up to five 
Scanivalves and 35 other channels, stores the data on tape 
and gives a tabulated printed copy. Two modifications were 
made to the program. An on-line reduction routine was added 
and a change was made in the non-Scanivalve data reading 
Subroutine to allow a torque reading to be made which was 


averaged over an extended time. 


See iio lRUMENTATION 
The instrumentation consisted of numerous pressure sen- 


sors and several other non-pressure devices. The pressure 


is 





sensors included three United Sensor five hole probes, two 
total pressure rakes, four Kiel probes, a simple total pres- 
Sure probe, twelve static pressure taps, and an ambient 
pressure sensor. For some tests a cobra probe and a yaw 
probe were added. The non-pressure devices included three 
thermocouples, a torguemeter, a tachometer, and six linear 
potentiometers to record radial and angular positions of the 
movable probes. Table 1 lists the quantities measured. 
Where possible, the pressure sensors were connected to one 
of the Scanivalves because of the ability to do an on-line 
scale verification. This was done by connecting Scanivalve 
bert ome tc the transducer reference pressure (atmos) to 
Give the zero reading (or tare) for the transducer while 
the second port was connected to a manometer column pres- 
Surized to a controlled pressure in inches of water. This 
allowed the scale factor and zero drift to be checked at 
each data point. Two dedicated transducers were used to 
measure the bellmouth pressure drop and ambient pressure. 
The electrical signals from all transducers were conditioned 
before digitizing by the digital volt meter. Each Scani- 
valve and non-Scanivalve channel incorporated a signal con- 
Pmeeroning Circuit to allow the zero point and scale factors 
to be set. 

Ambient pressure within the building was measured using 
an absolute pressure transducer. Verification readings were 


made periodically using a Fortin type barometer. Excessive 
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drift in the absolute transducer generally led to the use of 
the barometer readings in all calculations. Ambient tempera- 
ture was sensed using two "J" type thermocouples in the inlet 
duct with an electrical equivalent ice point reference. The 
recovery factor of the thermocouples was taken to be unity. 
Total temperature rise was measured differentially by aver- 
meeme the outputs of two "J" type thermocouples located at 
mid-radius at the stator exit and connecting them in series 
with the thermocouples in the inlet. The rotational speed 
of the compressor was measured using a magnetic pickup con- 
nected to a digital counter. The signal was read manually 
using a multimeter (although provisions exist for automatic 
reading through the scanner). Torque was measured using a 
Lebow Model 1215-6K torquemeter which was statically cali- 
brated periodically between tests. The stability of the 
torque calibration was verified using an electrical shunt 
prior to each run. Inlet bellmouth (nozzle) pressure drop 
was measured using a differential transducer between the 
pressure (stagnation) within the inlet enclosure and the 
pressure (static) in the nozzle throat. The two pressures 
were also measured individually using two adjacent ports on 
the first Scanivalve. The Scanivalve measurements were used 
Bemeeat! calculations since the drift of the dedicated trans- 
ducer could not be checked over long run periods. One pert 
of the first Scanivalve was connected to a total pressure 


meee inside the duct at a distance of two duct diameters 
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Gownstream of the throttle. This reading was. used purely 
for verification of other readings and was not used for 
calculations. The test section inlet total pressure was 
measured using a twelve hole rake at survey plane one. 
Total pressure was determined using a mass averaging tech- 
nique described in Appendix D. The exit total pressure was 
measured using a similar rake, applying the same mass aver- 
aging technique. Eight case wall static pressure taps, 
corresponding to the eight survey planes and two hub static 
pressure taps were used. Four Kiel probes at mid-radius at 
the stator exit completed the instrumentation cn the first 
Scanivalve. 

The second Scanivalve was used for the three United Sen- 
sor five hole probes, and the total pressure on the cobra 
probe, when it was used. The survey probes, described in 
Appendix A, provided measurements of yaw, pitch and velocity 
magnitude at survey plane two (station 1), survey plane 
three (station 2) and survey olane four (station 3). The 
radial positions and yaw angles for the probes were recorded 
from linear potentiometers attached to the probe mounts. 

For the station 3 probe in the traverse unit, readings were 
recorded from potentiometers set manually from the digital 
counters in the traverse unit. A similar technique was used 
for the cobra probe. The five hole probes were yaw-balanced 
using a forty-five degree inclined manometer board. Ac- 


curate measurements required that the balancing be done very 
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@aretully. In shear layers or turbulent flows, the diffi- 
culty involved in yaw-balancing added to the uncertainty in 


the probe measurements. 
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TEI. TEST PROGRAM AND RESULTS 


A. SUMMARY 

The test program was carried out in three phases. First, 
a performance map was taken and limited flow field surveys 
were made. The results from these tests appear in Tables 3 
to 8 and Figs. 4 to 8. Second, the inlet guide vanes were 
adjusted to three different settings to alter the flow angles 
into the rotor. The results from these tests appear in Ta- 
fmes 9 to 31 and Figs. 9 to 34 and include both performance 
maps and surveys made near the observed peak efficiency. 
Third, the inlet guide vanes were returned to the original 
configuration and surveys were taken at and near the peak 
efficiency and at two well-off-design throttling conditions. 
The results from these tests appear in Tables 32 to 40 and 
Figs. 35 to 47. Other supplemental tests taken concurrently 
with the other testing include examining fluctuations in 
moemaue and flow rate, nozzle flow rate verification, and a 
comparison of vrobe results obtained in veripherally dis- 


placed survey holes to examine axisymmetry. 


Eee FHASE 1 
The first phase performance map involved twenty-two 
Beeettte conditions from fully open throttle through all 


possible combinations of the screen-type throttle elements. 
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The three survey probes remained at mid-radius wnere the flow 
vectors were determined (Table 4). This is the configuration 
in which build one data was available for comparison. The 
performance parameters are listed in Table 3 and plotted in 
Fig. 4. Comparisons with build one data and the design pre- 
Sections appear in Fig. 5. Note that the build one data re- 
flects only the mid-span pressure rise and not a spanwise 
integrated value. The pressure rise was virtually linear 
with flow rate, never showing a peak but indicating a change 
in slope at very high throttling. The power and the effi- 
ciency both showed a definite rise and fall but the peak 
values, occurring at a flow rate of roughly > = .76, were 
obscured due to 2% fluctuations in the torque measurement. 
The pressure ratio through the stage varied from 1.014 to 

fe O02 . 

The flow angle at the inlet guide vane exit (station 1) 
remained essentially constant through the measured range of 
flow rates at 17.5 degrees as is plotted in Fig. 6. The 
mid-span rotor exit angle (station 2) varied nearly linearly 
with flow rate. The flow angle at station 1 was 3.8 degrees 
less than the design prediction. A less detailed performance 
map was taken with the probes at seventeen inches radius. 
The guide vane exit angle exhibited even more severe under- 
turning than at the mid-radius with the measured angle vary- 
ing one degree from 23 to 22 degrees (Fig. 7). Limited 


Surveys taken while examining the axisymmetry of the flow 
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indicated that these angles were quite typical of the condi- 
tion in the blade-to-blade direction. 

Radial flows were noted at all stations. @estation LL, 
there was a consistently inward flow which was most severe at 
Meme chrottling. At station 2, the radial component shifted 
meem cCadially outward at low throttling to inward at high 
meeottling. The opposite occurred at station 3. As can be 
seen in Fig. 7, the station 3 probe showed a relatively con- 
stant yaw angle as the flow was throttled initially, but the 


yaw angle increased rapidly below a flow rate of 6 = 0.75. 


fee PHASE 2 

=o Lorce” the rotor inflow angle to match the design 
angle at mid-span, the inlet guide vanes were turned four 
degrees counterclockwise. This resulted in a large reduc- 
tion in flow rate, pressure rise, and power required, varving 
from 5.4 to 3.1 percent (Table 8). This came from "unload- 
ing" the rotor as the requirement for turning was reduced. 
The efficiency was significantly reduced at high flow rates 
but changed little at the moderate and low flow rates (Fig. 
9). The flow angles out of the inlet guide vanes at mid- 
Span were closer to design as shown in Fig. 10. However 
Fig. 12 shows that the guide vane exit flow was still under- 
turning at the outer radii, and now overturning at the inner 
Maeit. The angles at station 1 had shifted uniformly across 


the radius in the direction the guide vanes had been turned. 
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Also, although the inlet flow angles were somewhat improved, 
the stator exit angles were not correct for any succeeding 
stages. The radial flows were altered noticeably. The flow 
at station 1 showed a minimum inward component near the 
"maximum" efficiency (Table 9). The flow at station 2 was 
consistently inward, being somewhat less so away from the 
peak efficiency condition. The stator exit flow was outward 
near peak efficiency and inward at lower or higher throttle 
conditions. 

Total and static pressure distributions, taken from the 
survey probes, showed that the static pressure rise was about 
equally divided between the rotor and the stator (Fig. 15). 
The rise was greater at the tip but relatively flat overall. 
The total pressure rise across the rotor was skewed slightly 
toward the tip. The overall stage total pressure rise can 
not be inferred from the data in Fig. 14 since the probe was 
at a single peripheral position well clear of the stator 
wakes. 

The inlet guide vanes were adjusted back one degree 
clockwise to be three degrees from the original configura- 
tion. The performance, shown in Fig. 16, was found to be 
Similar to that obtained at the four degree setting. How- 
ever, there were indications of a possible upturn in the ef- 
ficiency with increased throttling at the lowest flow rate 
after an apparent peak efficiency at a flow rate of about 


$ = ./3 compared to results at the 4° guide vane setting. 
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The pressure rise at peak efficiency increased by 4 percent, 
at low throttling by 2 percent and at highest throttling by 

Meeercent (Table 12). Shown in Fig. 17, the flow angles at 

stations 2 and 3 showed similar trends to those measured at 

the four degree setting. The stator exit radial flow showed 
a distinct trend from inward at low throttling to outward at 
meg throttling (Table 13). 

Several surveys were taken near the peak efficiency. 
These surveys, concentrated in the hub and tip regions, 
showed a reversal in flow angle at both the hub and tip. 
This was true at all three stations. The surveys also showed 
that the rotor total pressure rise was still slanted toward 
the outer radii, even slightly below the observed peak per- 
formance. The through-flow velocities were also higher at 
the outer regions, corresponding to regions of greater pres- 
Sure rise (Fig. 21). Surveys were taken at locations dis- 
placed circumferentially relative to the inlet guide vanes. 
The results shown in Fig. 48 show that the flow angles were 
much better behaved toward the pressure side of the blade 
and roughly the same near mid-passage or toward the suction 
Side. The pressure side showed slightly lower velocities 
and had a much lower radial flow (Table 30). 

The inlet guide vane angle was reduced by one additional 
degree to give a stagger angle two degrees greater than in 
the original configuration. The performance map was re- 


peated and several surveys were taken. At this point, the 
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Meqiiscition program was changed to read the torque over a 
longer period which yielded a more stable reading. The re- 
sults in Fig. 23 show that the performance again yielded an 
indistinct peak in the efficiency. In fact, the efficiency 
appeared to rise again at the highest throttling to the pre- 
vious peak value. The pressure rise and power required 
showed no different trends, being similar to the original 
configuration. The radial flow components also showed 
Similar trends (Table 19). 

During the surveys, a lack of stability was noted in the 
flow angles at station 1 at radii between sixteen and seven- 
teen and a half inches. The flow angle would remain steady 
for several seconds, then drift to a new value (Fig. 33). 
The flow appeared to vascillate about an eee value 
that followed a smooth variation as a function of radius. 
Repeating the survey, using a two tube yaw head probe, the 
vascillations were not apparent and the flow angles did fol- 
low a smooth curve (Fig. 34). With the smaller yaw probe, 
angles were measured very close to the outer wall. The re- 
sults showed a strong reversal in the flow angle at the tip 


at all three stations. 


Pree HASE 3 
The inlet guide vanes were returned to the original con- 
figuration and three surveys were taken with moderate throt- 


tling and one was taken at very low (Figs. 40-43) and one at 





very high throttling (Figs. 44-47). These surveys showed the 
changes in the flow fields over the range of flow rates. As 
throttling was increased, the flow rate decreased and the 
pressure rise shifted from being greatest at the hub to being 
greater at the tip. The ill-defined peak efficiency occurred 
when the distribution in pressure rise was approximately uni- 
form across the blade height. The off-design inlet conditions 
caused the peak to occur at a flow rate slightly lower than 
for uniform pressure rise when the bulk of the work and flow 
rate were concentrated at the outer radii. At the low flow 
rates the pressure field was the most distorted and the ra- 


dial components of the velocity were the greatest. 


Pee SUPPLEMENTAL TESTS 

Supplemental tests were conducted during the program to 
examine three areas. These tests looked at flow rate and 
mereue fluctuations, nozzle flow rate verification, and com- 
parison of results from different peripheral survey locations 
to examine axisymmetry. The results of these tests appear in 
Beas. 48 to 51. 

Output from the torquemeter and nozzle pressure drop 
transducer were connected to oscillographs and continuous 
readings were taken. As seen in Fig. 5l, the torque fluc- 
tuations were typically plus or minus 15 inch-pounds with a 
frequency of consistently 5.5 per second. With a compres- 


sor speed of 1616 RPM, this was one oscillation per 4.9 
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revolutions of the drive motor running at 1180 RPM. The 
nozZle pressure fluctuations had a frequency of three per 
second. Thus the torque fluctuation varied at a rate of 1.8 
oscillations per flow rate oscillation. The amplitude of 
the nozzle pressure drop variations was unsteady in time and 
no wave form analysis was done to look for frequency content. 

An attempt was made to verify the flow rate measurements, 
in an approximate way, Since an integration of radial probe 
Surveys downstream of the rotor had suggested that the flow 
rate should be somewhat higher than was measured. The flow 
at the inlet to the compressor (survey plane 1) was traversed 
using a cobra probe and the total pressure distribution was 
recorded (Fig. 50). Assuming axisymmetry and constant static 
pressure at the value measured at the wall, the mass flux 
distribution was calculated and integrated to obtain the 
total flow rate. The result was found to correspond to the 
use of a discharge coefficient for the large bellmouth of 
1.026, rather than 0.98 which had been used to date. This 
higher value was used in all calculations. 

The degree of axisymmetry was examined by moving the 
Survey probes and rakes to various survey ports about the 
Circumference. At survey plane one, rakes were placed in 


four of the nine ports and good agreement was obtained in 


the results. Similarly, ports five, seven and nine showed 
good agreement at survey plane two. The stator exit was 
surveyed circumferentially at three radii (Fig. 49). The 
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wake was consistently centered at 9° on the traverse unit at 
all three radii at moderate throttling. Thus the flow mea- 
sured at station 3 was clear of the wake for all other runs 
for which the probe was typically located at the 5° position. 
The exit rake was moved to 5 ports at 3 survey planes between 
the stator and exit guide vanes. The locations furthest aft 
of the stage allowed the best mixing of stator wakes but also 


reflected the build-up of hub and case wall boundary layers. 
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Vee Seas LON 


A. FLOW FROM THE INLET GUIDE VANES 

The most significant result from the measurement program 
was the behavior of the flow angle from the inlet guide 
vanes. The significant underturning at the outer radii re- 
lated directly to the alteration of the performance of the 
compressor. This underturning, roughly ten degrees at 17.5 
inches radius and four degrees at mid-radius, required the 
rotor to do increased work as compared to the design and led 
to a violation of the radial equilibrium condition. The 
result was to change the pressure distributions and flow 
rates through the machine. Comparison with build one showed 
that the flow angle at mid span was 2° greater in build one, 
suggesting that there should be a difference in performance 
in the two builds, and this was observed. Vascillations in 
Flow angle at the outer radii indicated the possibility of 
the presence of a flow separation. Since these problems af- 
fected the performance of the rest of the compressor, any 
discussion must begin with the inlet guide vanes. 

As discussed in Ref. 8 and Ref. 9, secondary flows result 
when boundary layers pass through a set of stationary turning 
Memes. in particular, the fluid particles within the case 
and hub wall boundary layers tend to move toward the convex 


Side of the flow passage and roll up into two trailing 
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vortices moving downstream. Modeling of this effect using 
small perturbation theory predicts that there will be over- 
turning within the boundary layer and underturning outside 
of it. Reference 9 indicates that this is well supported 
by experimental experience in rectilinear (2D) cascades and 
that the underturning may be seen in the flow at a distance 
of three or four boundary layer thicknesses. The compressor 
is not two dimensional and is imposing on the flow a radial 
gradient in axial velocity and static pressure. While these 
are not the conditions as described in Ref. 9, the effect 
should be similar. With the case wall boundary layer being 
roughly one inch at moderate throttling, this effect could 
be expected to be seen inwards towards or even past the mid- 
radius. The hub boundary layer, with a thickness of akout 
two tenths of an inch, has a much smaller and only local ef- 
fect. It does however exhibit the same underturning/over- 
Burming pattern. 

The differences in radial flow component shown in Table 
30 tend to support this explanation of the mechanism caus- 
ing the distorted flow at the guide vane exit. Along the 
pressure side of the vane, in the outer regions the calcu- 
tated pitch angle is the most strongly positive. It de- 
creases across the passage as measured in survey ports 7 and 
8. Because the pressure taps on the probe are separated 
radially, the indicated pitch angle in a pressure gradient 


Bemepe in error as a result of the gradient. Thus an 
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alternative explanation for the differences in pitch angle 
is that the radial pressure gradient is steeper along the 
pressure side of the blade. The hub region exhibits a 
Similar behavior to that described for the outer regions 

but of smaller magnitude. The shape of the curves in Fig. 
48 at the three survey locations support the idea of second- 
ary flows as the cause of underturning since the angles 
measured away from the vane wakes qualitatively match 
closely the pattern predicted in Ref. 9. Note that the flow 
angles at mid-span were closer to the design values in build 
one than in build two (until the IGV's were adjusted). Thus 
there is an additional mechanism for underturning in build 
two in addition to the secondary flow effects discussed 
here. 

Vavra indicates in Ref. 10 that the flow at the exit of a 
set of guide vanes 1S very sensitive to the distance a be- 
tween neighboring blades as defined in Fig. 52. The relation- 
ship between passage exit area, blade spacing and efflux 


angle (at the mean line conditions) is approximated in Ref. 


_cos_(a/s) ) 
90 : 


The angle will decrease for either an increase in trailing 


iMmby the relationship oe = cos” *(a/s) (1+4t2)(1 


edge thickness or an increase in the distance a for constant 
Spacing. The trailing edge thicknesses are reported in Ref. 
li to be thicker for build two than for build one. For the 
additional underturning to be solely due to the larger trail- 


ing edge thickness it would require even larger thicknesses 
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than were reported. For ato be larger for the build two 
blades, the blade thickness would need to be smaller, which 
was not the case, or the blades would have to have been made 
with a shorter chord, which is Known to be true for some 
blades. Therefore a combination of thicker trailing edges 
and shorter chord blades is probably the cause for the addi- 
tional underturning seen in build two as compared to build 
one. One possibility for narrower blades would be excessive 
trimming during the removal of the flashing from the casting 
process. Another would be shrinkage of the epoxy after 
moulding but this is considered less likely, since most 
epoxy materials are known to swell slightly due to the dif- 
fusion of water molecules into the material. 

Reynolds number effects must also be considered as a 
possible cause for the general level of underturning. Below 
a Reynolds number of 2.2 x Oo) a decrease in deflection 
angle could be expected. At moderate throttling the Rey- 
nolds number based on mid-span chord was approximately 
ue OX 10? at the most closed throttle condition. Since the 
guide vane exit angle was essentially constant over the 
Operating flow range, Reynolds number effect appeared to be 
Minimal. The stator exit angle changed appreciably at the 
lower flow rates but this was probably the result of in- 
creased incidence angles from the rotor rather than an ef- 


fect of Reynolds number. 
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The presence of a peripheral gradient across the pas- 
sage could cause an error in yaw angle measurement in view 
of the separation of the yaw ports in the probe. This was 
discounted after measurements were made with a yaw probe 
which had its ports mounted along the same radial line, and 
Similar results were obtained. 

The erratic yaw angles experienced on some tests sug- 
gested the presence of a flow separation along the suction 
side of the guide vanes. Should the flow be separated, the 
flow angles would be expected to be reduced. Consistent 
with this observation, the flow closest to the pressure side 
of the blade demonstrated less underturning than at the two 
locations toward the center of the passage. The frequency 
of the change in the flow angle that occurred after the 
probe was balanced did not correlate with any of the mea- 
sured flow rate oscillations or the typical one half per 
rotor revolution frequency of a rotating stall. It was 
@eanliy an intermittent rather than a periodic condition. 
It is possible therefore that the flow detaches and reat- 
taches intermittently and further measurements are required 


to define the process clearly. 


Bee PSRFORMANCE DIFFERENCES 
The measured performance departed from the cesign expec- 
tation, shown in Fig. 5. Several factors could have contri- 


buted to the differences. For example, the design was 
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carried out for a single stage operating speed of 2290 RPM 
whereas the present tests were limited to 1616 RPM. Thus 
there was a possibility of a small Reynolds number effect 

on the performance as described in Ref. 8. Secondly, the 
test rig was intended to be run with the first six-foot sec- 
tion of duct removed in tests with the large inlet bell- 
mouth. The extra length would have contributed a small 
amount to the boundary layer growth. Clearly, however, 
these differences are minor in comparison with the likely 
effect of the underturning of the guide vanes. 

Comparisons with build one showed a rise in power, and 
flow rate in build two. The two degree shift in the rotor 
inflow angle caused greater loading on the rotor yielding 
a higher pressure rise and work requirement. The power in- 
creased roughly two percent over build one with an increase 
mmr lOw rate of about 1.5 percent. The pressure rise within 
the stage was altered appreciably. At mid-span, the static 
pressure rise shifted more to the rotor; but at the case 
wall the static pressure rise, as measured by the wall static 
ports, shifted more toward the stator. No surveys were 
available from build one to allow a comparison at other 
radial locations, but the limited data did suggest a sig- 
nificant alteration in the internal flow fields. Further 
differences were in the radial flows at station two and 


three which showed much smaller magnitudes in build one. 
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It was extremely difficult to determine the peak effi- 
ciency for several reasons. First, the performance charac- 
teristic, which resulted from the incorrect flow fields, was 
Beepvetlat. The fluctuations occurring in the pressure rise 
and torque compounded the problem. With high flow volumes 
undergoing only slight pressure rises the work input could 
be greatly affected by perturbations in the torque or in the 
nozzle flow rate. Also, the radial exit total pressure rake, 
Situated well aft of the stage, was influenced by the case 
wall and hub boundary layers and did not fully average the 
flow from the stators. This generated an uncertainty as to 
the true variation in the mass-averaged total pressure rise 


with flow rate. 


C. MEASUREMENT UNSTEADINESS 

The flow rate and torque fluctuations were apparently 
not related to any structural or flow feature of the machine. 
The frequency of the fluctuations did not correlate with 
each other nor with the (apcoroximately) one per two revolu- 
10ns of a rotating stall. Nor did they correspond to har- 
monics of the drive motor which overated at 1180 revolutions 
per minute. They were not similar to the natural frequen- 
cles of the blades given in Ref. 5. The flow vascillations 
observed at the outer radius occurred with a period esti- 
mated to be ten seconds or longer; torque and flow fluctua- 


tions were much more rapid. One possible explanation for 
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the torque fluctuations is that they were a result of play 
in the drive belts, but no means were available to examine 
the connection. Thus, there was no evidence that the torque 
fluctuations produced corresponding fluctuations in the flow 
fields, and they were accepted as an undesirable contributor 


to uncertainty in the measurement of efficiency. 





V. CONCLUSIONS AND RECOMMENDATIONS 


The evaluation of the performance of build two of the 


compressor indicated that it was not suitable for the in- 


tended tip effect research as presently configured. Results 


indicated that the compressor was operating at neither the 


design conditions nor the equivalent conditions to build 


one. The principal reason for the differences was an im- 


proper flow from the inlet guide vanes which was probably 


the result of secondary flows, somewhat aggravated by de- 


Pects in the cast of the vanes. 


The following are therefore recommended: 


1. The inlet guide vanes should be recast, taking care to 
insure an accurate reproduction of the design ceometry. 


2. The compressor should be reevaluated at a higher speed 
and in an expanded mode to permit better definition of 
the flow fields and a better evaluation of the blading 


design. 


3. The inlet boundary layer should be changed to gauge 
its importance. Methods of changing the boundary 
layer at the inlet guide vanes include: 


(1) 


oil) 
fi ) 


(iv) 


Install the large bellmouth inside the labora- 

Pony =wrrhourt Lhwmottle and with minimum ducting. 
This would minimize the boundary layer and the 

effect on the inlet guide vane exit angle could 
be measured (only) at open throttle. 


Use of the smaller bellmouth. 
LetOVe Ore parts Of the inlet duct. 


Use sOreconteolled boundary layer suction (or 
blowing) just ahead of the compressor. This 
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would probably be desirable in the course of 
the tip clearance investigation to follow. 


mie logical procedure 1S to first carry out 3(1) without 
compressor geometry changes to answer definitively whether 
secondary flows developing from case wall boundary layer are 
the primary cause of the observed underturning. Depending 
on the results of this first test, either new inlet guide 
vanes should be cast or a new design should be developed 
which accounts properly for deviation angle in the presence 


of radial gradients in through flow. 
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Table 1. Measured Quantities, Typical Set-up 
S.V. #4 S.V. #4 (Cont'd) S.V. #4 (Cont'd) 
A Inlet Rake P 17.00-P , Exit P 3-3 - Pa 
- Py Inlet Rake P 17.50-P, Ope & oi P_s-4 ~ P, 
A Inlet Rake P 17.75-P, Exit Rake P Pil. 700-2, 
- Py SP-1 Pub - Py Exit Rake P Pil. poate 
Ee SP=-1 Prip - Py Exit Rake P Pi2. Oa 
=P SP-2 Prip - P. Exit Rake P Pi i2. Lesa 
-11.00-P , SP-3 Prip - PA Exit Rake P P13. Oa 
-11.50-P, SP-4 Prip - Ps Exit Rake P pid. -40-P 
Rake P12.00-P , SP-5 Prip = PA Exit Rake P Ps. 30-P 
Rake P P.12.75-P, SP-6 Prip men Exit Rake P P16. 00-P . 
Rake P P.13.50-P, SP-7 Prip - Py Exit Rake P P16. -50-P 
Rake a AS SP-8 oie - PA Exit Rake P Pil7. 00-P 
Rake P P.15.30-P, SP-8 Pub = PA Exit Rake P PT: a a 
Rake P P.16.90-P, Bociit Deon! = Eh Exit Rake P Pt7. /5- ie 
Rake P P16.50-P, Exit P 3-2 - Pa 
Se Scanner #1 
oes | Tty - "J" - IPR 
Feil = an AT ones | 
Probe "Xx" Py - an AT out 2 
Probe °X" P,, — P, AT Brg. Front 
Probe "X" P, 7 Py AT Brg. Rear 
Probe "X" P. - Ps RPM - F/V 
Probe "Y" Sy tA Beas "Hg Abs 
Prope "Y" Po. - a Ap 
PEobeme! Ph, - Pa Torque--in-lbs 
PEObes Y Pe en Probe "X''--Pos 
Probe "Z" Pi - Py Probe "X"--Yaw 
Probe "Z" Boye, UN Probe "Y"--Pos 
Probe "Z" ee Pa Probe "Y"'--Yaw 
PEGbe 2. ae ah Probe "'Z"'--Pos 
Probe "Z"--Yaw 
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Table 2. Measurement Uncertainty 


i+ 


.0O2 inches H50 


.Ol1 inches Hg 


Scanivalve pressures 


i+ 


Ambient pressure 


Ambient temperature ee 
Temperature rise sid gash 

Rotor speed +1 RPM 
Torque sz 2 Voligvelege ide 
Probe radial position better than +.01 inches 
Probe yaw angles DRO 


; 
“If carefully balanced 
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Table 3. Performance Parameters (IGVs 


Pee stiow FOWER Cuork Cpts Etaav Etats T 
eee ses YO.,o3f .bS375 4.3066 F738 1842 65.31 
eee 6c S)6UC«(OBSG.CUCWLSBI2 = «OBSIS) oer 666. 
3 Seeoeesl.850 .6417f weoer 8612 .iewes 54.¢F° 
fee sotia 2e.6°9 .6990 .5965 .8671 .22!i4 65.15 
eos: 6S. SeS)|h|lU 68266 UU B44 BESS CU LFI4 | 665. 24 
eos 3Jo.Uis .53999 .33983 .5638 .2158 s55.39° 
eeeseet 33.469 .f213 .6318 .3Fr82 .2931 56.42 
eee es «69S. HS 6hUlw r S2)hlUlU SSH COSTS) 1S9B9 0 66S Be 
Meese ts? «654.357 6 fF olf | 6oB332 06 6686540 13834 )= 666. 34 
19 .3307F 34.380 .7654 1.6796 .8r42 2.3861 86.72 
ees SSIS |hClUCe FSIS )6hlUCW BY SS 6 | |«CSHSE UO STES 68S. 3 
eee e Ssa.f 2d ff oD «S735 . BSS S827 85.56 
Sess es «695. 295606—lUC«U SG6S 6 UWP S410 UU OPS O48 BP 66S, S86 
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Table 4. Mid-span Velocity Vectors (iGVs 0°) 
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Table 5. Mid-span Pressure Variations 
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Table 8. Performance Parameters (IGVs 4°) 
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Table 17. Survey Results, Velocity Vectors (IGVs cee Slee) 
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Table 19. Mid-span Velocity Vectors (IGVs 2°) 
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Table 20. Mid-span Pressure Variations 
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Figure 3. Locations of Survey Ports 
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Figure 3 (Continued) 
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Figure 4. Performance Parameters vs Flow Rate (IGVs 0°) 
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APPENDIX A 


SURVEY PROBE CALIBRATION 


The United Sensor five hole probes can be used to mea- 
sure three dimensional flow velocity vector, but first they 
must be calibrated. All probes used in the present study 
were calibrated in-house. The calibration process is de- 
scribed in Ref. 12. The probes were inserted in a known 
Steady, free-jet flow and the pitch angle was varied at 
several fixed values of the velocity. Each probe was cali- 
brated over a range from 90 to 350 feet per second and over 
a pitch angle range of at least -8 to 12 degrees. Probe 


pressure readings, Py iO Ps, were used to evaluate the two 


coefficients 
P, ~- P 
ee A(1) 
Py 
ela cl 
P, ~ —P 
ro = ae A{2) 
Py ~ P23 


These coefficients are related uniquely to the pitch angle 


and the dimensionless velocity, X, defined as 





ay 





The calibration involves a determination by least 
Bemiares Ofethe polynomial coefficients in the expressions 
for the surfaces which relate X and ¢ to 8 and [. The probe 


calibration is represented totally by the expressions 


L M 
= ore (le) 
X = > >. oa: ( A(4) 


and 


2 
il 


L M 
ay Say 
So) 0,42 | a5) 


i=l (j=l 


The surface approximations are obtained from the data 
obtained in the calibration tests. This establishes the 
values of Cis and Dis: When using the probe in the compres- 
sor, the measured values of Py to Ps are used to calculate 
B and [ from Eq. A(1l) and Eq. A(2), and X and $> are then 
Saveulated from eq. A(4) and Eq. A(5). 

The generalized method used to derive the polynomial 
surface fits permitted the selection of the degree of the 
polynomial required. The selection was changed until the 
errors in the approximation were minimized. This was 
judged to have occurred when the differences between the 
values of velocity and pitch angle set in the calibration 
tests, and those calculated from Eq. A(1), A(2), A(4) and 
A(5) using probe pressure data, were least in the range of 


Marerest. 


oo 





The probe coefficients and errors are given in Tables 
Al1-A3. The three probes are identified by Serial Number 


538, Serial Number 539 or "SMITH" (Serial Number unknown). 
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APPENDIX B 


COMPRESSOR DESIGN DATA 


The design data for the compressor with symmetrical 
blading are given in Table Bl and B2 and the calculated off- 
design behavior is shown in Fig. 4. Both Table Bl and B2 


and Fig. 4 are from Ref. l. 


Table Bl. Summary of Mid-span Design Flow Values 


Data at Mean 


Radius, Rn Vavra Data 
ROTOR INLET ves = Yal/oR, 0.8138 
Via Oh Sle) 
en 0.6829 
ue Omeiea 
Wi 1.0624 
omy a2 83 
8, 40.0 
AVE Ya2/un* 0.38323 
ROTOR EXIT ves = Ya2/uR, 0.8380 
Ts 0.7003 
We 0.2997 
V5 1.0921 
W5 0.3900 
Be 39.886 
8. 19.68 
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APPENDIX C 


EXPERIMENTAL DATA FROM BUILD 1l 


Performance data from build one 1S shown in Fig. 5 and 


mid-span velocities are listed in Table Cl, 


Table Cl. Build 1 Velocities at Mid-Span 

Screen Alpha 1 Phi 1 V1 
0 Ss Sue) -3.22 1S). 
I 18.00 -3.79 Toor 
2 SY OPS) -2.92 iy 4. 
3 IASG ONE -3.24 uy arin 
2+3 iS) 10)5) -.238 L7G 
4 1b) 310) -3.27 by ce 
iL) (Ole: =3 06 Oe 
A ILS) 5 8)es} -3.46 Loe 
1+A O06 Sie), doyle 
1+5 POG -3.12 16 9> 
Screen Alpha 2 Baa, 2 V2 
0 Sisley 1.34 2200 
a 52.07 merge 244. 
2 Bomas SS) 7 aa po Ae 
3 34.78 aus. Pace 
Zor 3 BiG 6.3 <5 PL ip lee 
4 S6567 Bohs! 2 EG. 
557! Ale 2, misys! 216s 
A 41.18 44 ie e)e 
1+A 41.68 84 ge: 

1+5 5 7S sie 41 ok 
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Table Cl (Continued) 


screen Alpha 3 slimial 5) V3 
0 20n 30 = [ol 201. 
i) BO) a0 S00 196. 
2 Z 030 = 00 iD Si 
S LOO 3010 Doig 
213 OO -200 SS.. 
- P26 0 Ou jeoueae 
1960 Oa! MS) 

A 22520 5 {01h ae whe 
1+A PLP PAG, sia 124, 
5 19.40 SO al grip 
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APPENDIX D 


INTEGRATION OF EXIT RAKES 


The two total pressure rakes each consisted of twelve 
simple pneumatic tubes mounted radially along a common shaft 
as shown in Fig. Dl. The distribution of sensors reflects 
the relatively even distribution of total pressure expected 
over most of the flow channel and the more rapidly changing 
conditions expected to occur near the hub and tip. The un- 
even radial distribution of sensors made averaging the pres- 
sure readings less convenient. Twenty equal flow areas were 
defined as shown in Fig. D2 and the value of the pressure 
for each of these areas was assigned based on the relevant 
probe pressure (Table Dl). From the total pressure, assuming 
a uniform static pressure gradient from hub to tip, the rela- 
tive mass flows for each area were determined. The mass 
flow weighted average total pressure was then calculated 


using the relationship 


200. 
at ey 
=~ i=l 
ee D(1) 
m. 
a 
i=l 


where m A, ¥ 20 (Ps. - Pp) D(2) 


st) 





Sub-Area Pressure Determination 
from Probe Pressures 


(2a Wee (P_ (1) + P_(2)))73 


Peters) e) 2 


+ PL (5))/2 


+ Pi (6))/2 


+ P, (6))/2 


- P,(8))/2 


_ PL (9))/2 


+ P_(10))/2 


(P, (10) + P,(11))/2 


Table Dl. 
Eel) 
P, (2) P, (2) 
Pi (3) P (3) 
P, (4) (P, (3) 
P (5) P, (4) 
2 US) es 0G) 
pe) (P, (5) 
P, (9) P, (6) 
P, (10) ec) 
Pil) P,_ (10) 
P, (12) PL 7) 
P, (13) (P, (7) 
P, (14) P, (8) 
P, (15) (P, (8) 
P, (16) (P, (9) 
P, (17) P, (10) 
Ba (18) 
ecto} P, (11) 
P, (20) 


(P,_ (12) + reo 
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R= 11.0" 


EGrale- cessure Rake Geometry 
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Probe 


Area # Radius Ports 
20 by 832 <> 
Le, Ib F BOX <1) 
18 17.264 
LG 16.961 wc 
16 Nein Goes Se. 
15 3) oe 2i8) 

14 or, OFS —— 
i WS Bie) i 
2 TS ee ne ey —q— 7 
ial Poet 6 
10 14.667 : 
2, aS 09 
3 Toes 
fl iL ee ses aie 5 
6 Vey 
5 27 aa 4 
4 12526 5 
3 ache: ae 
2 11.495 — 2 
it TieO35 Te | 
Figure D2. Pressure Mass Averaging Area Divisions 





APPENDIX E 


DATA REDUCTION EQUATIONS 


= P_, + 5.1967/ ((T + 459.67) -R) 


amb 


i — : 3 Per ~ Ps 
n= CL Be | ee (ee ~ Pt) © 5.1967 2 - i sas ioe 


M/(PgtAgU,, ) 


| 
i 


= = 2 
Te3 = (Beg - Pe, )+ 5.1967/ (09, 


a 


a) 


T, = (P, = Pt, )° 5.1967/ (290 


Pp = eal RPM » Tq/550/12 


wae iP S50/a U_* 


ce = V cosa cos ¢$ 
V =vV sina 
u 


B = tan [(U . va 


W = V,/ (cos B cos >) 


ee TT 
U = Zo RPM Rec 


heee- Units are o (slugs/ft”), PeLinscewacer), Tt (°F), 
femeninices, Sec), iq {am 15), R (in), velocities (ft/sec). 
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APPENDIX F 
DATA REDUCTION SOFTWARE 


19 ' #404 REDPLT #24% 

29 1 REBUCES DATA TAKEN BY GENUSE MODi-MOD2 

3@ OPTION BASE 1 

43 SHORT Phiits64),¥1¢64),%2664) Alfalco4) Al fae(64> Al fas(sd4d, Val(64), Yaecsdd, 
¥a3¢64),UC64d),W1664),N2¢664), Bet al (54), Bet a2(64), Berdel (54), Vudel (64) ,Mflu 

S6 SHORT Allsyu<(64, 36), Al Ichi 54, 40), PH1 3664), Radius(64),V2664)9,7664),7T3664),Ph1 
26(64),RNOBC64),P1%t3(64),Etacé6édd,X 

6@ SHORT Pti¢12),Pt8(12),Ptiav,Pt aay, Powr(54),Etaavc64) , Cor3scod), Cfhlwau(64),Cu 
ork 

70 «DIM Nrdf$c16>,C0x¢4,5),3x(6,3),Cyt4, $9, Dy 4,4), 02¢63,5), 0264, 43, Tit lesc13>,Ti 
tlxé$C10),Titly$¢18), Symsc¢ 1d 

38 ' READ THE DATA FILE 

98 INPUT “DATA FILE NAME?" ,Nrdfs z 

199 INPUT “# of DATR POINTS?" , Points 

11@ INPUT “TOTAL S/“V PORTS?",Ports 

120 INPUT “TOTAL NON-S/V CHANNELS?", Chans 

1380 REDIM All svuCPoints,Ports) AlIlch<Points,Chans) 

146 ASSIGN #1 TO Nrdf$ 

15@ MAT READ #1;5Allsv,Allch 

151 ' READ THE PROBE COEFFICIENTS 

156@ ASSIGN #2 TO “CALPRS: T14" 

179 MAT READ #2;Cx,Dx,Cy,Dy,Cz,Dz 


188 DEG 

198 PRINTER IS 16 

266 PRINT " I Cflow POWER Cwork Cpr3 Etaav Etats T T3-T P 
rise" 

210 | #¥#e ee eee¢ee er ASSIGN VARIABLES TO DATA CHRNNELS4#4+447424 44444 

220 FOR [21 TO Points 

230 Pamb229.364#789.5196/5. 1967 1 in #20 


249 PtarelsAllsvuclI, to 

256 Ptare22Rl1su¢1,48) 

266 PxtF°Allsucl,47)-Pt are2)41660G+Pamb ! First Probe 
a PxZ3=(AlIsuCI,49)-Pt are2)+1666G+P amb 

238 Pxd¢2¢(R1]Isucl,4959-Pt are2)4+1660G+Pambd 

296 PxSsCAllsucl,S0)-Ptare2)*!G66G+P amb 

368) Pulsar Allsucl, St>-Ptare2s*1GGGG+Pamb |! Second Probe 
319) Py23eCAllsucl,S23-Ptare2)*16G6G+P amb 

208) Pyst2CR1 1 su C1, 3533-Ptare2)*16GGG+P amb 

320) PYSsCAllsucl,349-Pt are2>*1GG0G+P amb 

340 PrLlsCAll suc, $S>-Pt are2.*1GGG8+Pamb § Third Probe 
259 Pre3ssCRAlisvucl, 56 3-Ptare2)4#1G6860+P amb 

568 Pz4=zcCAlisucl,S57)-Ptare2)419606+P amb 

373) «=P2Sa Al lsvcl,58>-Ptare2) +16066+P amb 

336 Rpm=loels ' RPM 

330) Ptnoz=cAllsucl,3)-Pt arel) *#19G06+P amb 

$399 Pnoz=(Allsvtl,42-Pt areal) *41666G+P amb 

$19 PossAhlilcn¢!,1303*1666 1 Radial Insertisn 
$26 AlfalclIIsAlI ch¢cl, 113+18866 

$30 Alfta2¢lde-Allehcl, 133419666 

$49 Alfasc ITDsAll cnc l, 185+*18666 

45@ TeszAllencl, 1) 

$5G@ Te32(All cht l, 2 2+AlIlehtl, 309-2 

$71 9 TorgsAllchcl, 534160668641 .3293 

4320 FOR K=21 TO 12 |! Rake Pressures 
$9G PLIckKsaCAllsucl, K+5)-Pt arel) #18668 

SUB PLtS(KISCAL]suCI,K+32)-Ptrarel+*+16069 

Sita NEXT K 

Sti Pslt2= RI 1sucl,26)-Pt arel> #10666 

Si2 Ps8= (All svucl,27>-Ft arel>+16666 


522 | eetre~eee REDUCTION VELOCITY DIAGRAMS +4 east eee eere 
336 TcIJsFNTemp< Te, 32) 
540 T3CTs=FNTempcTe3, TCI3D | REF TO T 


SS@ Radius I)=198-Po0s 

S6G Um=. 1804724Rpmet eo. 4/12 
37O UCT Is=Radius( Il *#Um/14.4 
S30 Betax=(Px1l-Px23)/7Pxl!l 


}~4 
Ul 
© 





Delt axa Px4-Px5) Pl 


5600 CALL Probe tBetax, Deltax,4,5,5, 3,0x€4),DxC#),X,Phi1¢l)>d 

618 YVY1ICT>SX*SGR6128184¢TC19+489.67)> 

pe2O Valco avicld#COScAl fal cl .*#COS¢cPri1¢19) 

630 VultzVIicI>D#SINCAlfaicI>> 

640 BetalCI.sATNCCUCT -“VuldsValcld> 

090 WicloaValcl>-CcoscBeral clo 7COSCPhilC¢cI)> 

660 Betays(Py1-Py23)-Pyl 

679 Deltays Py4-PyS)/“Pyl 

589 CALL Probe Bet ay, Deltay, 4, 5,4,4, Cyt), DyC 4, xX, PhHI2¢cl>d 

690 V2C1>2X#SQR¢61201988¢T3¢019+459.67>) 

7OO = VYa2cTravaclo #COScAlfa2cl> aCOScPhi2cd)» 

710) VYuesV2eclTr aSINCAlfa2ctd>d 

720 BetagdcIsATNC CUCT-Vu2>7Va2c1)> 

730 W2¢T>aVacclI>/COS< Betra2cI> > COSCPhi 2¢1)> 

740) «=BetazaCPz1-P223)-/Pz1 

730 Delt azzcPz4-P2§)-P21 

‘$690 CALL Probe Betaz, Deltaz,3,5,4,4,C26¢4), D264), 4, Phi3cls 

779 V3C1I>8K#SQRC6120184¢T3C15+4989.867)> 

1°38 Vasc Tl savV3c LT #COScAl fas¢cl1>eCOSs¢cPh1i3¢ 19> 

T9399) Vudelc I+) s¥Vul-Vu2 ICHANGE IN CIRCUMFERENTIAL COMPONENT 

3900 BetdelclI>)sBetalcl>-Beta2cl> ' TURNING IN ROTOR 

3198 $ £eHSRSESSEHH4AEe PERFORMANCE © 44444444444 HERE 

$20 Rho’ cl) sPambe5. 19674°0CTC1) 0489.67541716.586 9 

330 Mrlwal. 82647. 63S #SORC 2S#RHOOC Ly *€ CP tnoz-Pnoez) #8. 19673411-.53857144(Ptinez-Pnoz 

I“Ptnoz) 

340 Cfrlwavcl emf lusCRno@C1144.53939894Um) 

330 CALL Ptavg(Pamb,Ps1,RhoO(1), Ptlc#), Ptlav» 

360 CALL Ptavg(Pamb,Ps3,RhoOCI), Pt8¢4#>,PeSav) 

S861 Rest aC Py23-Px239)/“CP223-Px23) 

B62 Prises(PtSavrPambd/’ CPt lavePamb) 

370 Cpre3sclda24 (Pt SaveP*1av) 43. 1967/7CRHOOC 1) *#Um*2) 

372 Cps2t-PtlaveS. 19677°RhoDC I> *4Um~2) 

389 Powr'!)3., 10472#RpmseTorq’$$9412"55 

398 Cwork=24Pour(1)45590/ CMF 1] weUm*29455 

906 Etaavicl st pr3¢1> 7Cwork 

318 PRINT USING “5X%,2D,2D.4D,43D. 3D, 4¢2D.3D),40D.20,3D.2D, 5D. 3D"31I,Cflwauvil),Po 

aeCivmyo, Cwork, Cot gcls, Eewa@auCl>),Etacl>), Tcl). T3CT><TCls,Priee 

a NEXT I 

349 PRINTER [35 8 

350 (| +#0@224%44442 TABULAR VELOCITY DRTR e248 eee eerereexe 

378 PRINT "“Sta.l Velocities" 

Pome PRINT “Radial Pos*;" Vil t.ce@e"5" Alfal deg"; " Phil adeque” ae iad 

i Wa Betal”" 

3990 FOR [a1 TO Points 

BPeoOerr INT USING “707.0. 30)*5 Radius, Vico, Alfalv (>, PRriict:,Valcl>, Wis), Berel< 

1, 

1910 NEXT [I 

1820 PRINT * * 

1930 PRINT " " 

1831 PAUSE 

1048 PRINT "Sta.2 Velocities" 

1GS9 PRINT “Radial Pos"3" V2 ft-sec"s" Alfaz’;" Phaie deg’; ” Vag"; " 
Wea aes Betazg " 

{8v6G6 FOR [=1 TO Points 

1978 PRINT USING “7C7D.3D)"SRadiuscI>, ¥2¢1), Alfadcl>, Pri2cl:,VvVaetls W265, Betsa2c 

i) 

198@ NEXT I! 

1096 PRINT “ " 

1109 PRINT “ " 

1110 PRINT "“Sta.2 Velocities" 

bieO PRINT “Radial Pos"; " Vo ated. PRtS oe se 

1130 FOR [=1 TO Potnts 

Ber oeee lint USING “$< 7D.JD“;Radiubels VSO l» ,Alfascl> Phiacl:,Va3sels, Vudéelclo 

1150 NEXT ! 

1210 PRINTER I[S 15 





lye Yel 
1220 
1228 
1248 
1258 
1260 
1278 
1238 
1298 
1388 
1318 
1320 
1330 
1340 
1358 
1368 
1378 
1330 
1398 
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1 #¢#4e40¢@ PLOTS GF DATA «x2 444 

RAD 

BISP "FOR PLOTS OF DATA PRESS CONT “ 

PAUSE 

t See eeexeeee~- ee PLOT PERFORMANCE PARAMETERS «4+ ¥eeeteeeeaue 
PLOTTER IS “GRAPHICS" 

{ PLOTS AXIRL VELOCITY DISTRIBUTION 
TitleSs"PERFORMANCE " 

TitixS2"Phi “ 

Titlys=" * 

DAMHins s,s 4 Py lL oteliedss las i 

READ Kmin, Ymin, <max, Ymax, Xtic, (tic 

GRAPHICS 

CALL SetupcTitles, Tit lx, TItly$,imin, (min, XAmax, (max, Kt1¢c, fticd 
SymSate" 

CALL Plier <Sym$,1,Points,Cflwavi#),Cot3ce#)) 
Syms2"Q" 

CALL PiltercSum$,1, Points, Cfluavi#), Powr’#)) 
Syasa"X" 

CALL Pltr <SymS,1,Points,Cfhlwavt*), Et aavc#)> 
LETTER 

EXIT GRAPHICS 

BUMP GRAPHICS 

PAUSE 

PLOTTER IS “GRAPHICS" 

PRINT PAGE 

| ¢#4eeetesteeee PLOT ANGLES ee e¥teteeeeteretexreee 
TitleSz"FLOW ANGLES” 

TitlxSs"Phi " 

Titly#="degrees" 

BAA «SO g tem DO, .0 | go 

READ Kmin, Ymin, Xmax, Ymax,Kt1c, t1¢ 

CALL Setup( Titles, Titlx$, Tit lyS, Xmin, Ymin, Xmax, (max, ctic, %tic), 
Symsa"+" 

GRAPHICS 

CALL Plerc<Sum$,1,Points,Chlwavc4#),Alfal(#)d 
Symsa"Q" 

CALL PlercSyum$,!,Points, Chilwavcx), Al tac(4#)) 
Syms=a"X" 

CALL Plier Sym$,1,Points.Cfhiwavcl#) Alf ascaesd 
LETTER 

EXIT GRRPHICS 

DUMP GRAPHICS 

END 


' PROBE DATA REDUCTION SUBROUTINE 
SUB ProowCBeta, Delta,c1,0),01,03,0¢44,0.4), SHORT %, Phi» 
OPTION BASE 1 

Gama=Delta-Beta 

XBPNVel (Gama, Beta, Ci,Cj,C¢#)) 

Phi sFNPhi (Gama, Beta, 31,0j,0¢4#)) 
SUBEND 

' FUNCTION Vel 

DEF FNVel (Gam, Del,C1,Cj,C0¢#)) 
OPTION BASE 1 

x38 

FOR [21 TO Ci 

Tem=8 

FOR J=s1 TO Cj 
TemaTemeC cl, JoeDeir¢J-1> 

NEXT J 

XN=X*TemeGame CI -1. 

NEXT I 

RETURN X 

FNEND 
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1346 ! FUNCTION Phi 
1350 DEF FNPh:<Gam, Del,01,Dj,0¢#)>d 
1360 OPTION BASE 1 
1878 P38 

183890 FOR [21 TO Di 
1390 Tem=@ 

19900 FOR Js1 TO Dj 
1910 TemaTemeDCl, J>*#Del*¢J-1) 
1920 NEXT J 

1330 P=P+Tem*eGam*(I-1> 
1940 NEXT I 

1958 RETURN P 

136@ FNEND 

1978 ! FUNCTION Temp CONVERTS YOLTAGE TO TEMP FOR J* TYPE THERMOCOUPLES 
1980 DEF FNTemp<( Volt, SHORT Junc)d 

1981 Junet2¢Junc-32)71.83 

19990 J1isS.0373743E1 

2088 J2=a3.0167011E-2 

20190 J3s-7,4293813E-5 

2020 VYalaVolr+r1E-6*e¢ CJ3*eJunet eI 2. *#Junce+JideJunce 

2030 Cda-.439868252 

280498 C1219973.14503 

280590 C22-2139614.3353 

2860 C3211569199.783 

2978 C4a-264917531.4 

2086 CSs=2013441314 

2090 TesacC CC CS#Val +04) 4#Val +C3) Val eCl) *eVal ei d<«Val+Cg 

2100 TrsaTc#1.9+32 | TEMP IN DEG F 

2118 RETURN Tr 

2120 FNEND 

2138 ! SUBROUTINE Ptavg MASS FLOW WEIGHTED AVERAGE 

2158 SUB Ptavg(Pamb,Ps, SHORT Rho, Pt ¢#),Pbard 

2168 OPTION BASE 1 : 

21790 SHORT P¢20) 

2181 PC1)=P2¢61) 

21832 PC2)=P2¢2) 

2133 P¢3>)=P2°¢3) 

2134 PC 4) BC P16 4)4P20°35972 

2188 PcS$)=sPrc4) 

2136 P(6)40Pt64)4P2(5))72 

2137 PC7)=P*¢5) 

2138 PC3D=¢Pt (6d e+Pt (5) 72 

2139 PC 39) aPt(56) 

2130 PC18)2,. 667#Pt 659%. SOSeP tC?) 

2131 PC11)3., 6507#P 267+. 339#Pt (6D 

2132 PcCi2d=Pec7) 

2193 PC1ZBd BCP C3Id+Ptc 7 ,d~2 

Z194 Pci dt) ePt 9) 

2195 PCLSd>aCPeC8d+Pt C9) -2 

2196 PC16)2CPt C18 +P2e6595)072 

2197 PCL?) aPe (18d 

2198 PCLS3sSCPeC1BdePrc1i13 372 

2199 PC139=SPec 11) 

22800 PC2O)4Ptc 12) 

2202 Mdot=9 

22863 Psum2z2 

2210 FOR [21 TO 2a 

Ea lk M=. 2261 94SORC2ePhoer (PCL —-P35 45.1967 41-555 7i sec PCL -Ps070P°1) +P amod 
2212 Mdorsttdot +m 

2213 Psum*®PsumePclt) +i 

2214 HEXT I 

2e2QO Pboar2zPsum-/Mdot 

2243 SUBEND 

2250 | 

2260 ' DRAW RXES AND LABEL TITLES 

22°90 SUB SetupcTit bes, Tit dxs, Tittys, dmin, finin, max, (wax, tic, (ti¢d 


te 
Ui 
J 





DIM TitlteSCi3d, Titlx$¢C18),Titlysc1d> 
CSIZE 3.3 

LIMIT 10,1790,3,149 

MOVE 58,98 

LORG 6 

LABEL USING “K"; Titles 

CSIZE 3.9 

MOVE 39,9 

LORG 4 

LABEL USING “K"35Titlxs 

MOVE 18,58 

COIR Pie 

LORG 6 

LABEL USING "K,¥%"sTitilys 
LOCATE 20, 19@*RATIO,16, 39 
SCALE Xmin, Xmax, *min, Ymax 
FRAME 

AXES Xtic, Ytic,Xmin, Ymin 

LDIR @ 

LORG 8 

CSIZE gars 

FOR IsY¥min TO Ymax STEP 2#Ytic¢ 
MOVE Xmin,I 

LABEL USING "K,X*;I 

NEXT I 

LORG 3 

LDIR PIve2 

FOR [2Xmin TO kKmax STEP 2*Xtic 
MOVE [,Ymin 

LABEL USING “K,4"*31 

NEXT I 

LDIR 9 

SUBEND 

1 PLOT DATA POINTS WITH ¢1) OR WITHOUT 2) LINES 
SUB PltrcSymS,Lintyp,Pornt, SHORT XC #), C0 4)) 
OPTION BASE 1 

LINE TYPE Lintyp 

FOR [21 TO Point 

Plat <Cloorel) 1 

LABEL USING "A"3 Syms 

PENUP 

NEXT I 

PENUP 

SUBEND 
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APPENDIX G 


SUMMARY OF TEST PROGRAMS 


PUL DOSE 


Comparisons of probes 


Performance map. 0° IGV 

(1) Examination of flow angles at 17" radius 

(2) Comparison of rakes and axisymmetry of 
flow 

(1) Performance map @ 4° IGV 

(2) Radial survey S$2+4 4° IGV 

(1) Performance map @ 3° IGV 

(2) Radial survey S2+4 

(1) Radial survey $1+4 

(2) Radial survey S2+4 

(3) Radial survey S1+2+4 

(1) Radial survey Sta 1 probe hole #9 
Circumferential Survey @ Sta 3 R= 14.4" 

(2) Radial survey Sta 1 vorobe hole #8 
Gieeumrerential “survey € Sta 3 R= 16.5" 

(3) Radial survey Sta 1 probe hole #7 
CraGuMbenemtlal sunmvey @ Sta S$ R= 12.4" 

(1) Performance map @ 2° IGV 

(1) Radial survey S$2+4 2° IGV 

(2) Radial survey S1+4 2° IGV 

(1) Check out of rake interference 

(2) Radial survey S2+4 2° IGV 

(3) Radial survey S1+4 2° IGV 

(1) Detailed survey S1+4 @ 2° IGV 


Re he 





24 August 82 


26 August 82 


30 August 82 


2 September 82 


(1) 


(1) 


(1) 
(2) 
(3) 


(1) 
(2) 


Detailed survey S1+4 @ 2° IGV with 
cobra probe Sta 0; with yaw probe Sta 1 


Performance map @ 0° IGV 


Survey S4 
Survey S1i+4 
SsuuVveY S2+3 


Off design survey Sl 


Off design survey S$2+3+4 
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Table Gl. Performance Map, Throttle Configurations 
Screen June 16 July 13 July 19 July 23 August 16 August 26 
Combination (IGV 0°) (IGV 0°) (IGV 4°) (IGV 3°) (IGV 2°) (IGV 0°) 
Zero POAantk lle 2, 35 aes | ey ae | a | ES Nore ees 
Sl Eels Beets 5, 6 Zig tf —-- aoe 
S2 (eee Se) Disa VME cree, 55240 eS) Hes Sig 6 
S1+2 10,11,12 --- --- --- --- --- 
$3 lomeo.21 7, 8 10,11,12 £7, 8 Os 7. 7585 9 
S1+3 13,14,15 --- --- --- --- --- 
$2+3 TORS 9,10 --- --- --- LOG Pi Zz 
$1+243 25,26,27 — — — —- a 
S4 DO oo Wiel 2. 13,14 515 a5) 0 Seno 1 el LS 
$5 Zon) Vesa. 14 --- ial ae ae 
S1+4 Simeeeeome =-—  16,17,18 11,12 Optom iT alc 
$145 34,35,36 --- =— --- --- --- 
S2+4 Bp. See, Ho, 16, 719520521 he ake ee eS 19520721 
S2+5 20) iL A) a — =— — 
Bile +4 43,44,45 17,18 2e2 7S iaaS eee nak 
S3+4 46,47,48 --- PE WAS RIALS: 15556 POR 7 os --- 
S$ 1+2+5 UNS io) Opa pk --- —-- a5 --- --- 
$3+5 Wi 55.04 --- --- --- --- --- 
S$1+3+4 520,07 --- CaO 2d 19,20 19,20 ay as Sra | 
§2+3+4 Don o9 500 ee Oemelo. 29 630 2ieec Zee age pais res 8 
$2+5+5 61,62 --- --- --- --- --- 
S445 63,64 --- --- --- --- --- 
s5t ae =e — Pee Pelee cis 


tModified solidity 
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